Abstract: Electrical and electronic devices, when exposed to one or more power quality problems, are prone to failure. This study aims to enhance the quality of power in three-phase four-wire distribution grid using fuel cell integrated unified power quality conditioner (FCI-UPQC). The proposed FCI-UPQC has a four-leg converter on the shunt side and three-leg converter on the series side. A combination of a synchronous reference frame and instantaneous reactive power theories is utilised to generate reference signals of the FCI-UPQC. Also, this study proposes an adaptive neuro-fuzzy inference system (ANFIS) controller to maintain the DC-link voltage in the FCI-UPQC. The ANFIS controller is designed like a Sugeno fuzzy architecture and trained offline using data from the proportional-integral controller. The obtained results proved that the proposed FCI-UPQC compensated power quality problems such as voltage sag, swell, harmonics, neutral current, source current imbalance in the three-phase four-wire distribution grid. The presence of fuel cell in this work makes more effectiveness of the proposed system by providing real power support during supply interruption on the grid side. 
Nomenclature

Introduction
Power quality is the set of limits of electrical properties that allows the electrical system to function in a proper manner without significant loss [1] . Due to the latest inventions of power electronic devices like adjustable speed drives, switching of loads and so on lead to non-linearity in the supply [2] . Any deviation in current, voltage or frequency from the reference values leads to failure customer's equipment, loss of production and damage to equipment [3] . Hence, it is essential to retain high quality power.
In recent years, custom power devices (CPDs) become smarter in the distribution grid due to their effectiveness in the alleviation of power quality problems [2] . The unified power quality conditioner (UPQC) is one of the effective CPD and its topology consists of the integration of two active power filters connected in a back-to-back configuration to a common DC-link bus [4] . The UPQC combines both the operations of load current and supply voltage imperfections with quick response and high reliability at the same time [5] [6] [7] [8] . The fuel cell integrated UPQC (FCI-UPQC) is the combination of series and shunt connected active power filters with a fuel cell. The series active power filter [9] is used for voltage regulation [10] and voltage harmonic compensation and shunt active filter [11] is used to absorb current harmonics and compensate negative sequence currents.
The compensation by shunt active filter depends on reference current signal generated by the controller. The series active filter compensation depends on reference voltage signal generated by the controller. In recent years, several control techniques are used to generate reference signals for UPQC. However, artificial intelligence [12] based controller having higher impacts when compared with conventional controllers.
First, artificial neural networks (ANNs) are the electronic model based on the brain's neural structure. It is an interconnection of artificial neurons that can learn from experience to provide a decision that is more accurate. It has the ability to develop complex non-linear models with high speed and adaptability that can be trained at new frequencies [12] . Second, fuzzy logic is the technique which mimics the human reasoning capabilities and it consists of fuzzification, inference mechanism and defuzzification [13] . Khodayar et al. [14] have proposed a deep learning-based fuzzy inference model that can extract useful patterns from the input vectors to obtain more accurate fuzzy rules. Finally, the adaptive neuro-fuzzy inference system (ANFIS) combines both neural and fuzzy capabilities [15] . Here a neural network is used to automatically adjust membership functions and decrease the rate of errors to determine rules of the fuzzy logic. Usually, ANFIS [16] system prefers hybrid-learning algorithm for better ability, accelerate convergence and avoid the occurrence of a trapper in local minima. Hence, an adaptive network with back propagation algorithm is used in the ANN. The work in [17] , evaluates a type-2 ANFIS that is more robust than the traditional ANFIS due to using interval knowledge. Also, Qureshi et al. [18] have proposed a recurrent neuro-fuzzy controller for fuel cell systems that bring more accuracy compared to the traditional feedforward one. In this paper, the synchronous reference frame (SRF) theory and instantaneous reactive power (IRP) theory are used to generate a reference voltage and reference current signals, respectively. The ANFIS controller with multi-layer feedforward neural network architecture is used for DC voltage regulation. In recent years, renewable energy supported custom power devices are more attractive. In this work, the fuel cell-based UPQC is used to enhance the quality of power. The fuel cell is an electrochemical device that alters electrical power into chemical energy. Out of many fuel cells, available proton exchange membrane fuel cell (PEMFC) is most suitable for a distributed generation [19, 20] . Hence, PEMFC is preferred for this work. The two major roles of the proposed FCI-UPQC are to compensate the voltage fluctuations by injecting the appropriate voltage and to inject both reactive and harmonic components of load current to make source current as sinusoidal and balanced.
Besides the aforementioned technologies, the most important contribution of this work can be recapitulated as follows:
i. Analysis of Intelligent controller-based FCI-UPQC under voltage sag/swell on the source side and current harmonics on the load side. ii. Performance investigation of the proposed system in the presence of source side voltage harmonics and current harmonics disturbances. iii. Performance investigation of the proposed system in the presence of an unbalanced non-linear load.
Configuration of the proposed system
The proposed system consists of an FCI-UPQC with ANFIS controller. The topology of the proposed system is exposed in Fig. 1 . It has two IGBT-based voltage source converter connected back-to-back through a common DC-link capacitor. The FC is integrated through DC-link of the UPQC. The shunt part of the FCI-UPQC has four-leg converter will inject both reactive and harmonic components of load current to make source current as sinusoidal and balanced. It also eliminates the neutral current through fourth-leg. Similarly, the series part of the FCI-UPQC having three-leg VSC and it will inject both fundamental and harmonic voltages. The series VSC is connected before sensitive linear load to protect the load from any voltage distortion from the source side and to make load voltage as sinusoidal. The performance of the proposed system is analysed in the three-phase four-wire system with three different loads: non-linear, unbalanced, sensitive. Three-phase uncontrolled rectifier with resistive and inductive loads on the DC side acts as a non-linear load whereas three single-phase resistive and inductive loads with different rating act as an unbalanced load. Three-phase resistive and inductive loads are used as a sensitive linear load. These three loads are applied to different feeders.
The fuel cell is the energy conversion device, which generates electrical energy from the chemical energy. The fuel cell consists of two electrodes namely, anode and cathode. The electrolyte is filled between these two electrodes. The role of the electrolyte is to permit only Hydrogen ions to pass between electrodes and act as an insulator of electrons. Therefore, the electrons cannot pass through the membrane. Hence, the electron passes through the electrical circuit and generates an electrical current. Hydrogen atoms entering the fuel cell at the cathode lose its electrons due to the oxidation reaction. Simultaneously, oxygen atoms enter the fuel cell on the cathode side, there combines with electrons and produce harmless byproduct water. Multiple fuel cells are united to form a fuel cell stack. This fuel cell stack is used for island operation and real power support. A PEMFC consists of anode, cathode and a solid electrolyte between the two electrodes. A platinum catalyst is used to activate the reaction to obtain protons and electrons from hydrogen molecules. The produced electrons at the anode are given to the DC load and the protons go to the cathode through the exchange membrane. The oxygen near the cathode mingles with protons from the anode and electrons from the DC load to produce water [19, 20] . In this way, electricity is produced from the fuel cell as electrons flow from the anode to cathode through the DC load of the proposed system. The reactions near the anode, cathode and the overall chemical reaction of the fuel cell are given below [3, 21] :
A PEMFC stack is modelled upon considering the starting loss, absorption loss and ohmic losses. The anode pressure, cathode pressure, fuel cell initial temperature and room temperature are the inputs and the fuel cell voltage (V FC ) is the output of the proposed PEMFC model. Considering the double layer charging effect, the output voltage of the fuel cell V FC can be obtained using the following equation: 
where E is the reversible potential, V a1 is the starting voltage fall, which is effected by the internal temperature of the fuel cell (T), V c1 is the concentration voltage drop and V o is the ohmic voltage drop. The reversible potential E is calculated using Nernst (5)
where E 0 is the reference potential which is a function T, R is gas constant, 8.3143J/(mole, K), F is the Faraday constant, 96,487 (C/ mole), E 0 o is the standard reference potential at standard state, 298 K at 1 atm pressure, K E is the empirical constant terms, p H 2 and p O 2 are the partial pressures of hydrogen and oxygen, respectively.
The empirical formulae for activation losses V a are given below:
where a, b are the empirical constant terms, η is the temperature invariant part of V a in volts, T is the internal temperature, I FC is the current from the fuel cell which determines T.
The absorption voltage drop is given below:
where I lim is the limitation current (A), Z is the number of electrons
R a and R c are equivalent resistances of activation and concentration voltage drops. The equivalent resistance of activation (R a ) corresponding to V a2 is calculated by using the following equation:
The concentration equivalent resistance (R c ) is calculated by using the following equation:
The ohmic voltage drop is calculated by
where R o is the ohmic resistance
where R o1 is the constant part of R, k RI is the empirical constant for calculating R o , (r/A), k RT is the empirical constant for calculating R o , (r/K) content.
Control strategy
The DC-link derives reference signals. The difference between actual and reference signals is given to the controller. The output of the controller is given to the generation of pulses. In this paper, the ANFIS controller is used to extorting reference signals. The signal from this controller is extracted by shunt active filter using IRP algorithm. This reference current signal generated by ANFIS controller-based IRP theory is the main lead in providing compensation. Shunt active filter eliminates current harmonics, neutral current compensation, load balancing, power factor correction, voltage regulation in distributed systems and series active filter protects load voltage from any short duration voltage disturbances such as voltage sag, voltage swell and so on from the supply side and helps in harmonic reduction as well as active power injection to grid. The ANFIS controller controls a small amount of active current by comparing with an actual DC-link voltage of shunt active filter with a reference voltage and the opposite of this control corresponds to power flow needed to maintain DC-link voltage. Hence, this power flow is added as part of reference for the current controller, which controls the inverter to provide the required compensation current and maintain the DC-link voltage of shunt active filter. In a similar manner, the reference voltage signal is used in the series active filter.
The proposed system uses the IRP theory together with a proportional-integral (PI) controller for both shunt and series components. The primary role of the series active filter is to compensate for voltage flaw by injecting appropriate voltage [22] . The voltage injected by the series active filter is in series with sensitive load through an injection transformer and LC filter, which are used to prevent, switching harmonics produced by VSC [23] . The DC voltage is connected to the DC side of VSC through a capacitor with fuel cells.
The data obtained from the PI controller is used as a training and checking data for ANFIS controller. This ANFIS controller provides compensation and balance in case of voltage sag, swell, harmonics, neutral current, source current balance and maintains the DC-link voltage.
Extraction of reference current using IRP theory
The ANFIS controller supported current reference signals control circuit is exposed in Fig. 2 . The three-phase source voltages (V sa , V sb , V sc ) are converted to V α,β coordinates by Clarke transformation using the following equations:
Similarly, the three-phase load currents (I La , I Lb , I Lc ) are sensed and converted to I 0αβ coordinates using the following equations:
The instantaneous active power (P) and reactive power (Q) are calculated using formulae (21) and (22) . The obtained real power P is partitioned into average real power and oscillating real power
The harmonic active and reactive powers, which are obtained from P, are compensated using a low-pass filter. The output P 1 is summated with P L to give P*, the power flow needed to maintain 
The voltage reference signals control circuit is exposed in Fig. 3 . We calculate the α − β currents from P* and Q which together with zero sequence current are converted to reference currents by using inverse Clarke transformation as exposed in the following equations:
Error signals were produced when the generated reference currents I a *, I b * and I c * are compared with the source currents I sa , I sb and I sc and fed to the controller to generate the firing pulses for the IGBT switches.
Extraction of reference voltage using SRF theory
Using the park transformation, the three-phase voltage across the sensitive load is sensed and converted into d-q-o components as exposed in (29)-(31) to separate zero sequence component from the abc phases so that the d-q components can be easily controlled 
These abc components are given to the VSC through the PWM pulse generator. Hence, the FCI-UPQC is fully capable to inject or absorb the required voltage whenever the voltage sag and swell are detected from the sensitive load voltage. The optimised values of K p and K i of the PI controller of the DSTATCOM are 4.96 and 1.01, respectively [9] . Equation (35) obtains the reference current signal for fourth-leg of VSC in FCI-UPQC
By comparing the actual load current with the reference value, an error signal is produced which is used to generate switching signals for the fourth-leg of VSC in FCI-UPQC. The reference for neutral current is set at zero. The generated reference current signal is fed to the controller to generate switching pulses for IGBT switches.
DC voltage regulation using ANFIS controller
The difference between actual DC-link voltage and the reference voltage are given to the ANFIS controller. The output of the controller is used to generate pulses to control the IGBTs of the converter. The real number genetic algorithm was successfully used to optimise the PI controller parameters [24] . The nonlinearity of loads leads to distortions in the signals that are usually rectified by using traditional PI controllers that can fail in providing high accuracy, fast processing of the reference signal. Hence, ANFIS controller with the high dynamic response is used for maintaining the stability of the converter system over the wide operating range. The ANFIS controller combines both the learning abilities of a neural network and reasoning abilities of fuzzy logic. The ANFIS controller uses the hybrid algorithm, a combination of the least-squares method and back propagation gradient descent method. The ANFIS is given with two inputs e 1 and e 2 , where the error between actual and reference DC voltages is e 1 and change in error as e 2 .
There are five layers of ANFIS architecture. In Fig. 4 , all the square nodes are adaptive, their parameters can be changed during training, and all the nodes in the circle have fixed parameters. Layers 1 and 4 are adaptive nodes and remaining are circle nodes. Parameters of layer-1 are called premise parameters and that of layer-4 are consequent parameters. The least-squares method is used in a forward pass by fixing the premise parameters and adjusting consequent. The gradient descent method is used in a backward pass in which error signals propagate backward by adjusting premise parameters and fixing the consequent parameters.
Layer 1: e 1 is the input to node 1, A i is the linguistic label linked with this node function, and seven triangular membership functions are used. The node equation is given below:
μA i e 1 , μB i e 2 = 0 e 1 ≤ a i
where i = 1, 2, …, 7. O i 1 is the output of the ith node in layer 1, a i , b i , c i are the parameters of the triangular membership functions.
Layer 2: The node is labelled as ∏. The incoming signals from layer 1 are multiplied and sent to layer 3
where i = 1, 2 ,…,7 and j = 1, 2, 3 ,…, 49. The firing strength of a rule is represented by the nodal output. Layer 3: It is labelled as n. The normalised firing strength of every rule is calculated using the output of this layer
where j = 1, 2, …, 7. where O j 4 is the output of the ith node in layer 4, ω j is the output from layer 3, r j , s j , t j are the consequent parameters set which are determined during training, A i , B i are the fuzzy membership functions, i = 1, 2, …, 7 and j = 1, 2, 3, …, 49.
Layer 5: This layer is the summation of all the incoming signals and is given as y ω j e 1 r j + ω j e 2 s j + ω j t j
The results illustrate the evident impact of e 1 on voltage regulation. The ANFIS in the proposal uses 49 rules with seven membership functions for each input variable. The ANFIS used was trained with 60,001 data and the data verified was checked with 60,000 checking data. Comparing the actual DC-link voltage and reference, the ANFIS controller controls the small amount of active current. The DC link is maintained by the power flow developed corresponding to the output of the controller. The power flow is added as a reference for a current controller that controls the inverter to provide the required compensation current to maintain the voltage of FCI-UPQC.
Results and discussion
The performance of the proposed FCI-UPQC is analysed with linear, nonlinear and unbalanced loads under various situations with ANFIS controller using MATLAB/SIMULINK. All the voltage measurements are expressed in per unit system and the current measurement in the actual value system. In the proposed work, the shunt converter of FCI-UPQC is switched on at 0.05 s to clearly represent the role of the shunt converter.
The sub-plots of Fig. 5 illustrate the performance of FCI-UPQC with ANFIS controller under voltage sag and swell conditions, here the source voltage sag takes place during 0.5-1 s and a voltage swell from 0.15 to 0.2 s. During sag conditions, the corresponding injected voltage will be in phase with the source voltage and during voltage swell conditions the injected voltage will be 180° out of phase with the source voltage. Since the load is non-linear, the load current is not sinusoidal. Hence the authors are using FCI-UPQC to compensate and maintain the quality of source current waveform. During 0-0.05 s, the shunt converter is in off condition, so that the load current will be same as that of the source current without any compensation.
In the sub-plots of Fig. 6 , the harmonic disturbances are introduced in source side voltage and current from 0.1 to 0.2 s under non-linear load conditions and its corresponding response (load voltage and source current) was obtained. It is observed that from 0.1 to 0.2 the source current harmonics cannot be eliminated by the FCI-UPQC. Fig. 7 illustrates that the percentage THD in voltage is reduced largely after compensation. The main aim of converter current (I C ) is to maintain source current (I S ) as sinusoidal, balanced and in phase with source voltage (V S ). Hence, it provides the required compensation to load current (I L ) whenever there is an unbalance. Since the load is unbalanced, the load current is not in phase with the source voltage. Hence the authors are using FCI-UPQC to compensate and maintain I S . Fig. 8 illustrates that the percentage total harmonic distortion (THD) in current is being reduced mostly after compensation. It is The individual harmonic spectrum of source current before and after compensation with ANFIS controller is exposed in Table 1 . It is observed that all the individual harmonics are reduced by the proposed system. Table 2 illustrates the voltage and current THD comparison between the proposed method and the literature results. It is observed that the proposed method is more efficient than conventional methods.
Consider a situation described in Fig. 9 under unbalanced load condition, let us say that the b-phase current is suppressed during 0.1 to 0.2 s, and then there will be a respective converter current addition to maintain the source current waveform quality. In addition, the load neutral current (I n ) produced during the unbalanced load need to be cancelled hence a converter neutral current I cn is injected in opposite phase to maintain the source side neutral current almost near to zero. ANFIS controller offers better harmonic compensation in the distribution grid.
Conclusion
In this paper, a novel utility of FCI-UPQC as a compensating and an interconnecting device for a three-phase four-wire distribution grid is extensively simulated in MATLAB/SIMULINK. It was observed that the proposed FCI-UPQC efficiently compensates the problem of load current and supply voltage imperfections with quick response and high reliability at the same time. The proposed system has an enhanced performance under unbalanced, non-linear and sensitive linear load conditions. It is important to note that the proposed system still having the challenge to mitigate source current harmonics during source side disturbances and the type-2 ANFIS controlled FCI-UPQC is another scope for the future work.
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